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Caenorhabditis elegans1/discs large genes are key regulators of epithelial cell polarity in C. elegans and
other systems but the mechanism how they organize a circumferential junctional belt around the apex of
epithelial cells is not well understood. We report here that IP3/Ca2+ signaling is involved in the let-413/dlg-1
pathway for the establishment of epithelial cell polarity during the development in C. elegans. Using RNAi to
interfere with let-413 and dlg-1 gene functions during post-embryogenesis, we discovered a requirement for
LET-413 and DLG-1 in the polarization of the spermathecal cells. The spermatheca forms an accordion-like
organ through which eggs must enter to complete the ovulation process. LET-413- and DLG-1-depleted
animals exhibit failure of ovulation. Consistent with this phenotype, the assembly of the apical junction into a
continuous belt fails and the PAR-3 protein and microﬁlaments are no longer localized asymmetrically. All
these defects can be suppressed by mutations in IPP-5, an inositol polyphosphate 5-phosphatase and in ITR-1,
an inositol triphosphate receptor, which both are supposed to increase the intracellular Ca2+ level. Analysis of
embryogenesis revealed that IP3/Ca2+ signaling is also required during junction assembly in embryonic
epithelia.
© 2008 Elsevier Inc. All rights reserved.Introduction
Acquisition of cell polarity is essential to epithelial cells for carrying
out their barrier/fence functions and for proper movements of
epithelial sheets during morphogenesis (Knust and Bossinger, 2002;
Nelson, 2003; Suzuki and Ohno, 2006). The formation of intercellular
junctions is a hallmark of epithelial polarization. The zonula adherens
is a belt-like junctional structure that encircles the apex of polarized
epithelial cells and is called the apical junction in C. elegans (CeAJ)
(McMahon et al., 2001). From genetic studies on Drosophila ectoderm,
C. elegans hypodermis/intestine and mammalian cultured cells, it
appears that three spatially restricted membrane associated protein-
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l rights reserved.adherens in epithelial cells: the PAR-3–PAR-6–aPKC complex, the
Scribble–Dlg–Lgl complex, and the Crumbs–Stardust–Patj complex
(Legouis et al., 2000; Köppen et al., 2001; McMahon et al., 2001;
Betschinger et al., 2003; Bilder et al., 2003; Plant et al., 2003;
Tanentzapf and Tepass, 2003; Yamanaka et al., 2003; Aono et al.,
2004; Bossinger et al., 2004; Harris and Peifer, 2005; Totong et al.,
2007; Lockwood et al., 2008).
C. elegans LET-413, DLG-1 (the Drosophila Scribble and Discs large
homologues, respectively) and AJM-1 play a fundamental role in
establishing the CeAJ in the C. elegans embryo (Müller and Bossinger,
2003; Hardin and Lockwood, 2004; Labouesse, 2006), but to date the
mechanisms how the LET-413 protein correctly localize the DLG-1–
AJM-1 complex (DAC) and how the DAC then organizes a continuous
junctional belt around the apex of epithelial cells are still elusive.
During epithelial polarization in the embryo, patches of apical
junction proteins become localized to the future apical cortex in a
let-413 and par-6 dependent manner (McMahon et al., 2001; Totong
et al., 2007). PAR-6 localizes apically in C. elegans epithelial cells and
contains PB1, CRIB and PDZ domains that bind other polarity proteins
such as the atypical protein kinase C (aPKC) PKC-3 (Hung and
Kemphues, 1999; Joberty et al., 2000; Lin et al., 2000; Suzuki et al.,
2001). The LET-413 protein is basolaterally expressed and contains one
PDZ domain and 16 leucine-rich repeats with high homology to
proteins known to interact with small GTPases (Legouis et al., 2000,
2003). The DLG-1 protein (a MAGUK) consists of three PDZ, one SH3,
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molecule) only displays a coiled-coil motif (Lockwood et al., 2008). After
elimination of let-413 function, the localization of the DAC is delayed,
ﬁnally causing an embryonic lethal phenotype (Bossinger et al., 2001;
Firestein and Rongo, 2001; Köppen et al., 2001; McMahon et al., 2001;
Segbert et al., 2004). Removal of let-413 functionhas been shown to allow
lateral expansion of normally apical proteins (e.g. PAR-3 and PAR-6) and
junctional proteins (Legouis et al., 2000; McMahon et al., 2001).
Additionally, LET-413 is necessary for the maintenance of the entire
terminal web or brush border assembly at the apical surface of the
intestine, whereas removal of the DAC or components of the catenin–
cadherin complex has little effect on the overall position or continuity of
the terminal web (Bossinger et al., 2004). To explore a possible role for
LET-413 and DLG-1 in development of the spermatheca, we depleted
both proteins post-embryonically using RNAi.
We found that LET-413- and DLG-1-depleted worms most
obviously exhibit defects in ovulation due to malfunction of the
spermatheca. The spermatheca epithelium is a contractile accordion-
like tube that contains sperm and is the site of oocyte fertilization.
We discovered that in spermathecal cells LET-413 and DLG-1 are
localized basolaterally and at the apical junction, respectively. We
also found that the apical junction in the spermatheca is severely
affected in LET-413 depleted worms due to mislocalization of DLG-1,
the cell polarity protein PAR-3, and actin microﬁlaments. As a
consequence, ovulation fails and results in sterility of worms. From
these observations, we conclude that LET-413 and DLG-1 activities are
necessary for the proper formation of the apical junction in the
spermatheca and that defective ovulation results from failure of
spermathecal cells to dilate. Finally, we showed that mutations,
increasing IP3/Ca2+ signaling in spermathecal cells can suppress the
ovulation defects of let-413(RNAi) and dlg-1(RNAi) worms and rebuild
the apical junctional pattern also. Remarkably, these mutations
partially also rescue the embryonic epithelial phenotypes.
Material and methods
C. elegans strains, culture and GFP markers
Standard procedures for handling and maintaining C. elegans have
been previously described (Brenner, 1974). Bristol strain N2 was used
as wild type. Semi-synchronized L1s were obtained by treatment with
alkaline hypochloride (2 vol 4 M NaOH:3 vol 13% NaOCl) (Wood,
1988). Strain SU93, AJM-1::GFP translational fusion (AJM-1 was
formerly JAM-1), (Mohler et al., 1998); WM27 (rde-1(ne219) V);
NL2098 (rrf-1(pk1417) I), (Sijen et al., 2001); and PS3653 (ipp-5(sy605)
X), (Bui and Sternberg, 2002); NL2099 (rrf-3(pk1426) II), (Simmer et
al., 2002); SU180 (itr-1(jc5) jcIs1 IV), and PS2582 (itr-1(sy290) unc-24
(e138) IV) (Clandinin et al., 1998) were obtained from the Caenor-
habditis Genetics Center stock collection (University of Minnesota, St.
Paul, MN). The following markers were used: the pML801 plasmid,
which is a functional let-413::gfp translational fusion; the pML808
plasmid, which is a functional let-413::cfp translational fusion; and
the pML902 plasmid, which is a functional dlg-1::gfp translational
fusion (Legouis et al., 2000; McMahon et al., 2001). dpy-11(e224)let-
413(s128)unc-42(e270)/rol-3(e754);ipp-5(sy605) and dpy-11(e224)let-
413(s14531)/unc-42(e270)rol-3(e754);ipp-5(sy605) and dpy-11(e224)
let-413(s1451)/unc-42(e270)rol-3(e754);ipp-5(sy605) and dpy-11
(e224)let-413(s1455)/unc-42(e270)rol-3(e754);ipp-5(sy605) and ipp-5
(sy605);Is[let-413::gfp;rol-6(su1006)] strains were generated by clas-
sical genetic crossing.
RNA mediated interference (RNAi)
The following cDNA clones were obtained from Y. Kohara (Gene
Network Lab, NIG, Mishima 411, Japan): for CeMKLP1, see (Powers et al.,
1998); for crb-1, yk74b1 (0.85 kB, XhoI fragment); for dlg-1, yk128b7(1.5 kb, XhoI fragment); for erm-1, yk257f5 (1.6 kb, XhoI fragment); for
hmr-1, yk611f6 (2.0 kb, XhoI–SacI fragment); for let-413, yk524b7
(2.5 kb, XbaI fragment); and for par-3, yk6c1 (1.0 kb, XhoI–HincII
fragment). The RNAi clone for itr-1 was obtained from the Ahringer
RNAi library (Geneservice Limited). The 5′- and 3′-sequences are
speciﬁc to the genes being tested, as determined by sequencing and
BLAST searches (http://www.wormbase.org/). Each cDNA was inserted
into the vector pPD129.36 for expression of dsRNA in E. coli strain HT115
(DE3). Induction and feeding were performed as previously described
(Timmons and Fire, 1998; Timmons et al., 2001), except that 0.5 mM
IPTG was used. HT115(DE3) bacteria harboring the “empty” KS+ based
vector, L4440 (containing twoT7 promoters ﬂanking a polylinker), were
used as a control for RNAi feeding experiments. To distinguish between
essential functions during embryogenesis (F1 generation scored) and
post-embryonic (P0 generation scored) development either young
adults or L1 larvae were placed on RNAi feeding plates, which were
replaced against fresh feeding plates after 1 and 3 days, respectively. To
distinguish between essential functions in the intestine and elsewhere
in the animal, we constructed a strain (OLB11) of worms in which RNAi
functions only in the intestine (see Fig. S1).
Immunostaining, microscopy, and image processing
Larvae were transferred using a drawn-out pipette to a microscope
slide coated with a thin layer of polylysine in a drop of distilled water.
They were permeabilized by using the freeze–crack method (Strome
and Wood, 1983) and ﬁxed in 100% ice-cold methanol (10 min), ice-
cold 100% acetone (20 min), ice-cold 90% ethanol (10 min), ice-cold
60% ethanol (10 min) and 30% ethanol (10 min at room temperature).
Slides were washed twice for 10min in TBT (20mM Tris–HCl; 150mM
NaCl, pH8.0+0.1% Tween 20), incubated at 4 °C overnight with
primary antibodies (see below) in blocking buffer (TBT plus 1% BSA
and 1% nonfat dry milk powder), washed three times for 10 min each
with TBT at room temperature, and ﬁnally incubated at room
temperature for 1–3 h, with secondary antibodies (see below) in
blocking buffer. Finally, slides were washed three times for 10 min
each in TBT and mounted in Mowiol containing DABCO (1,4-
diazabicyclo(2.2.2)octane; Sigma, Inc) as an antifade reagent.
Gonad dissecting was performed as described previously (Strome,
1986; McCarter et al., 1997). Gonads processed by freeze–cracking as
described above for larvae.
The following primary and secondary antibodies were used at the
dilutions (in blocking buffer) indicated: anti-DLG-1 (rabbit, 1:400), anti-
ERM-1 (rabbit, 1:200), anti-PAR-3 (1:50), anti-GFP (rabbit or mouse,
1:100, Molecular Probes) and either Cy2-conjugated or Cy3-conjugated
secondary antibodies (1:200, Jackson ImmunoResearch Laboratories).
Filamentous actin staining was performed according to Waterston
et al. (1984). Brieﬂy, worms were ﬁxed in 2% formaldehyde in
Na2HPO4 (0.1 M) buffer for 1 h 30 min then, permeabilized in chilled
acetone for 2 min and incubated in PBS with Alexa 568-coupled-
phalloidin (Molecular Probes) for 2 h. After washing once in PBS,
worms were mounted in Mowiol containing DABCO (see above).
Confocal images were analysed with the ImageJ software (http://rsb.
info.nih.gov/ij/).
Immunoﬂuorescence analysis of embryos was performed on a
confocal laser scanning microscope (TCS-NT or TCSSP2, Leica)
equipped with a 100×PL Fluotar oil immersion objective. Recorded
images represent a Z-projection of optical sections taken 0.5 μm apart.
Differential interference contrast microscopy and digital image
capture were performed using a Zeiss Axioplan 2 ﬁtted with a
Hamamatsu ORCA-ER camera.
Electron microscopy
Electronmicroscopy analysis of adultswas performed as previously
described (Legouis et al., 2000). Brieﬂy, blocks of four to six animals
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osmium tetroxyde and uranyl acetate, and stained with uranyl acetate
and lead citrate. The structure of the spermatheca was analyzed in 5
let-413(RNAi) adult animals and 4 wild type worms. In each case, at
least 8 sections of the spermatheca were observed using a Philips
EM410 microscope, operating at 80 kV.
Results
Post-embryonic depletion of LET-413 and DLG-1 results in sterility, Emo
phenotype, and ovulation defects
let-413(RNAi) and dlg-1(RNAi) animals show reduced brood size and
Emo phenotype
To understand the role of the LET-413 and DLG-1 proteins during
post-embryonic development of C. elegans, we performed let-413 and
dlg-1 RNAi by feeding, to deplete the proteins in developing larvae and
adult worms (P0 generation) (Hurd and Kemphues, 2003; Aono et al.,
2004). To test the efﬁciency of RNAi against the let-413 and dlg-1
genes by feeding, we analyzed ﬂuorescence in marker strains
expressing appropriate fusion proteins and additionally performed
western blot analysis. In both cases, the signals were greatly reduced
or eliminated (Fig. S2).
In semi-synchronous cultures, by 72 h after initiating feeding at
15 °C, most of the worms have reached adulthood. A comparison of
let-413(RNAi), dlg-1(RNAi) and control worms revealed no defects in
growth rates or motility (not shown). However, the reproductive
system seemed to be damaged severely, as few eggs were laid by
let-413(RNAi) or dlg-1(RNAi) worms. We compared the average
progeny per worm in the control versus RNAi worms and calculated
the sterility. let-413(RNAi) and dlg-1(RNAi) worms showed 100%
(n=102) and 67% (n=135) sterility, respectively (Fig. 7). In addition,
RNAi against dlg-1 in the hypersensitive rrf-3 strain (Simmer et al.,
2002) led to a further increase of sterility (95%, n=21).
Sterility could arise due to defects in the germ cells or to defects
in the somatic gonad. To distinguish which tissue was being affected
by the depletion of LET-413 and DLG-1, we analyzed a mutation in
the rrf-1 gene, a putative RNA-dependent RNA polymerase that is
required for RNAi in the soma but not in the germline (Sijen et al.,
2001; Aoki et al., 2007). For the experiment, we assayed the
percentage of let-413 and dlg-1 RNAi-induced sterility in rrf-1
worms. The low percentage of sterility (12% (n=54) and 0% (n=54),
respectively) indicates that a major component of the sterility defect
is mediated by depletion of LET-413 and DLG-1 in the soma.
To further analyze the contribution of somatic tissues with regard
to the RNAi-induced sterility, we assayed the intestine. In C. elegans,
the intestine is the major organ for yolk synthesis (McGhee, 2007).
Defects in yolk production and/or transport into the gonad could
interfere with oogenesis and thus cause sterility. To distinguish
between essential functions in the intestine and elsewhere in the
animal, we constructed a strain of worms in which RNAi functions
only in the intestine (Fig. S1 and Materials and methods). The low
percentage of RNAi-induced sterility after intestine-speciﬁc depletion
of LET-413 and DLG-1 (10% (n=15) and 12% (n=15), respectively) in
comparison to wild type animals suggests that the intestine does not
signiﬁcantly contribute to the observed sterility defects.
In normal hermaphrodites, sperm are born at the proximal end of
the ovotestis during L4 andbecome swept into the spermatheca during
the ﬁrst ovulation (Figs. 1A, B). In let-413(RNAi) and dlg-1(RNAi)
animals the most proximal part of the gonad was inﬂated by trapped
oocytes, as revealed byNomarski optics (Figs.1C, D). To investigate this
phenotype further, we performed electronmicroscopy (Figs.1E, F) and
visualized the DNA in oocytes by staining with DAPI (Figs. 1G–I). We
found that these worms showed an endomitotic oocyte (Emo)
phenotype (Iwasaki et al., 1996), a phenotype which commonly arises
through defects in ovulation. In addition to the Emo phenotype, wenoted that let-413(RNAi) animals failed to store sperm in the
spermatheca; instead sperm accumulated at the extreme proximal
portion of the gonad (Fig. 3B).
LET-413 depleted worms show ovulation defects
During normal oogenesis in C. elegans, the cell cycle arrests at
diakinesis (Fig. 1I), the ﬁnal stage of meiotic prophase I. Signaling
from spermatids or spermatozoa and sheath cells causes developing
oocytes to undergo maturation at regular intervals. Maturation,
marked by the breakdown of the nuclear envelope (NEBD),
stimulates contractions of the ovarian sheath that pull the dilating
spermatheca over the egg in the process of ovulation. The eggs are
fertilized as they enter the spermatheca. If ovulation fails, the eggs
remain unfertilized and undergo endomitotic replication (Hubbard
and Greenstein, 2000).
To determine the basis for the Emo phenotype, we investigated
oocyte maturation and ovulation in let-413(RNAi) animals. During the
ovulation process inwild type, oocyte maturation, marked by NEBD, is
followed by intensive contraction of sheath cells (see Movie S1).
Oocytes enter the spermathecawithin 2min of NEBD (n=5) (Fig. 2, left
column). In RNAi-treated worms, NEBD and contraction of sheath
cells occurred as in controls, but oocytes had not entered the
spermatheca even 40 min after NEBD (n=4) (Fig. 2, right column;
see also Movie S2). Failure in ovulation can arise through breakdown
in signaling between oocyte and sheath cells that stimulate
contractions, through defects in sheath cell differentiation or
through breakdown in signaling between the oocyte and the
spermatheca (Greenstein et al., 1994; Rose et al., 1997; Clandinin
et al., 1998; McCarter et al., 1999). Thus, the failure to ovulate despite
intense sheath contractions, combined with the mislocalization of
sperm in adult worms (Fig. 3B) and a normal brood size of rrf-1
worms (see above), suggests a dysfunction of the spermatheca
epithelium in let-413(RNAi) worms, rather than the gonad sheath or
the oocyte.
Post-embryonic depletion of LET-413 and DLG-1 severely affects apical
junction formation and epithelial polarity in the spermatheca
In order to elucidate the basis for the defects in organization and
function of the spermatheca epithelium in let-413(RNAi) and dlg-1
(RNAi) worms (P0 generation), we carried out electron microscopy
to analyze epithelial defects in let-413(RNAi) animals in more detail
(Fig. 3). In addition, we examined the distribution of ﬁve proteins
with polarized accumulation in epithelial cells (LET-413, DLG-1,
AJM-1, PAR-3 and F-actin) using in vivo ﬂuorescence microscopy and
immunohistochemistry (Figs. 4–6).
The adult spermatheca consists of 24 cells that make up an
epithelial tube with two distinctive regions (McCarter et al., 1997).
Most distal are a group of 8 cells aligned in 2 rows that form a
narrow corridor with a high concentration of microﬁlaments
adjacent to the lumen. These distal cells must dilate to allow the
mature egg to pass into the spermatheca during ovulation. The
middle region consists of 16 cells with circumferential actin cables
on the basal surface (Strome, 1986) which form a wider bag-like
chamber that contains sperm and is the site of fertilization. The
newly formed embryo passes from the spermatheca to the uterus via
a connecting valve called the spermatheca–uterus valve. The adult
valve consists of a toroidal syncytium generated by cell fusion
(Kimble and Hirsh, 1979).
Electronmicroscopy of longitudinal sections of let-413(RNAi)worms
revealed consistent disorganization of the spermatheca (Fig. 3). While
in thewild type sperm cells were detectable in the spermathecal lumen
(Fig. 3A), they were blocked in the proximal gonad in let-413 animals
(Fig. 3B). The lateral junctions of spermathecal cells which usually
appeared as electron dense structures (Fig. 3C) were undetectable in
let-413(RNAi) (Fig. 3D). In addition, we noticed that let-413(RNAi)
Fig. 1. let-413 and dlg-1 RNAi worms present a sterility associated EMO phenotype. (A) Nomarski optics, showing a young adult wild type (WT) hermaphrodite before the ﬁrst
ovulationwith sperms (arrow) in front of the spermatheca (sp). (B) During the rest of adulthood sperms which were pushed by the ﬁrst ovulation remain into the spermatheca (note
the presence of embryos in the uterus, which is left to the spermatheca). (C, D) Nomarski optics, after RNAi against the let-413 and dlg-1 genes (C; no embryos are present in the
uterus). In both cases, the oocytes (ooc) were not correctly aligned in front of the spermatheca (sp) and their nuclei were enlarged. (E, F) Electronmicroscopy of the distal gonad ofWT
(E) and let-413(RNAi) (F) worms. One oocyte close to the spermatheca (on the left) is shown. Black arrows indicate the chromatin, which formed a unique roundish structure in the
control (E) but was fragmented in numerous heterogenous structures after let-413(RNAi) (F). Note the irregular shape of let-413(RNAi) oocyte. (G–I) Fluorescence microscopy,
showing DAPI staining of the posterior gonad of let-413(RNAi) (G), dlg-1(RNAi) (H), andWT worms (I). The small condensed DNA signals show the sperm nuclei (arrowheads in G–I).
Endomitotic oocyte nuclei (G, H) and normal nuclei (I) are indicated by arrows. Orientation (A–I): proximal, left; distal, right. Bars: 50 μm (B,D); 10 μm (E,F,G–I).
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cytoplasmic vesicles. These vesicles contain irregular patches of high
electron density (Figs. 3B, D). For quantiﬁcation, we counted them in
different areas on electron micrographs. Spermathecal cells in wild
type and let-413(RNAi) animals showed an average number of 2.2±1.1
(n=9) and 56.0±27.5 (n=12) vesicles per 100 μm2, respectively.
Although we do not know the exact origin of these vesicles, their
massive accumulation in the cytoplasm may prove to be a useful
marker for further analysis of the let-413 phenotype at the ultra-
structural level.
LET-413 accumulates along the basolateral surface of epithelial cells
in C. elegans, including spermathecal cells (Legouis et al., 2000; Hurd
and Kemphues, 2003; Aono et al., 2004) (Fig. 4A). In contrast toembryonic epithelia where the CeAJ appear as electron-dense foci at
the apicolateral borders ofmembranes (Leunget al.,1999; Legouis et al.,
2000; Köppen et al., 2001; McMahon et al., 2001), spermathecal cell
surfaces bear a variety of junction types (http://www.wormatlas.org/).
DLG-1::GFP and AJM-1::GFP seem to outline apical junctions (Aono
et al., 2004) (Figs. 4B, C). To mark the apical surface of spermathecal
cells, we isolated gonads and performed immunohistochemistry
against PAR-3 (Fig. 4D).
In let-413(RNAi) spermathecas, the LET-413::CFP (Fig. 4E) and
LET-413::GFP (Fig. S3B') signals were barely detectable, suggesting a
very effective down-regulation of LET-413. Surprisingly, the let-413::
gfp strain was even more sensitive to RNAi against the let-413 gene
(94% extinction on western blot, not shown) than the wild type (88%
Fig. 2.Ovulation fails after post-embryonic depletion of the LET-413 protein. Images from time-lapse Nomarski videomicroscopic observations of the ﬁrst ovulation inwild type (WT;
left, n=5) and after larval let-413(RNAi) (right, n=4). Real time (minutes:seconds) is indicated in the bottom left corner. The zero time point shows the nuclear envelope break down
(NEBD). An oocyte (ooc) and the spermatheca (sp) are indicated. In the WT, the fertilized oocyte enters the uterus 6 min after NEBD. However, in let-413(RNAi) worms, the oocyte
remains in the proximal gonad even 11min after the NEBD. The contraction of sheath cells and distal extension of the spermatheca is observed in both worms (white arrowheads). In
let-413(RNAi) worms the enlargement of the nucleus becomes visible after 40 min (black arrowhead). Orientation: proximal, left; distal, right. Bar: 50 μm.
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interfered with the correct localization of DLG-1::GFP, AJM-1::GFP
and PAR-3 in spermathecal cells. The continuous belt-like patternaround the apex became fragmented (Figs. 4F, G) and anti-PAR-3
immunoﬂuorescence no longer localized apically (Fig. 4H). The
junctional patterns in general were characterized by aggregates
Fig. 3. let-413(RNAi) animals present a disorganization of the spermatheca. Electron microscopy of longitudinal sections of the spermatheca of wild type (WT; A, C) and let-413(RNAi)
(B, D) adults. Asterisks label the spermatozoons in the lumen of the spermatheca in control (A) or in the proximal gonad (on the right) of let-413(RNAi) animals (B). In contrast toWT
(A), let-413(RNAi) spermathecal cells (B, D) contained numerous of vesicles (arrowheads) containing a dark homogenous material. Arrows point to the lateral junctions of the
spermathecal cells that appeared as electron dense structures in WT (C) but were undetectable in let-413(RNAi) (D) animals. va: spermathecal–uterine valve. sp: spermathecal cells.
ooc: oocyte. Bars: 10 μm (A, B); 1 μm (C, D).
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reduced. These aggregates became ﬁrst visible in early-L4 stage,
remained in mid-L4 and do not form a continuous junctional belt inFig. 4. Post-embryonic depletion of LET-413 and DLG-1 proteins interferes with the establish
epithelia of young adults (wild type, WT) showing LET-413::CFP (A), DLG-1::GFP (B), AJM-1
the right in all panels. (E–H) In let-413(RNAi) spermathecas, LET-413::CFP was barely detecta
(I–L) In dlg-1(RNAi) spermathecas, LET-413 was still localized basolaterally (I; nN30). DLG-
disappeared from distal cells (J; nN50). RNAi against DLG-1 severely interferes with the pa
nN20). Fluorescence microscopy (in vivo images: A, E, I) and confocal laser microscopy (in
stacked in each image). Orientation: proximal, left; distal, right. Bar: 10 μm.late-L4 (Fig. S4). This junctional defect is similar to those reported
after depletion of LET-413 in embryonic epithelia. Here, long
stretches of normal DAC localization are separated intermittentlyment of the apical junctional pattern and the localization of PAR-3. (A–D) Spermatheca
::GFP (C) and anti-PAR-3 immunoﬂuorescence (D, arrows). The distal spermatheca is to
ble (E; nN30), whereas the DAC (F, G; nN50) and PAR-3 (H; nN20) became mislocalized.
1::GFP ﬂuorescence which is still detectable in proximal cells, has almost completely
ttern of AJM-1::GFP ﬂuorescence (K; nN50) but not with anti-PAR-3 signal (L, arrows;
vivo images: B, C, F, G, J, K; immunohistochemistry: D, H, L; multiple sections were
Fig. 5. let-413(RNAi) and dlg-1(RNAi) worms display defects in the junctional pattern and the actin microﬁlament network of spermathecal cells. (A–C") Projection of confocal
images of the spermatheca of adult hermaphrodites (ajm-1::gfp strain; SU93), ﬁxed and stained with Alexa-568 phalloidin to visualize microﬁlaments and the junctional protein
AJM-1. In cells of the valve between the spermatheca and the uterus, microﬁlaments are highly concentrated beneath the apical cell membrane (arrows). (A–A") In the control, the
actin network in the spermatheca was organized into circumferentially-oriented, thin and regularly spaced microﬁlaments (see also Fig. 6A'). (B–C") In contrast, in let-413(RNAi) (B)
and dlg-1(RNAi) (C) spermathecas, thick and disorganized F-actin bundles became apparent and the junctional belt was ruptured (B', C'). Orientation: proximal, left; distal, right.
Bars: 10 μm.
40 J. Pilipiuk et al. / Developmental Biology 327 (2009) 34–47by gaps completely lacking both proteins (Legouis et al., 2000;
Köppen et al., 2001; McMahon et al., 2001). Hence, the let-413(RNAi)
phenotype in the spermatheca of larvae mimics the embryonic
phenotype.
Because in the embryo DLG-1 aggregates AJM-1 and probably
many other proteins, eventually leading to the formation of the
electron-dense CeAJ structure (Köppen et al., 2001; McMahon et al.,
2001), we analyzed the distribution of AJM-1 in dlg-1(RNAi)
spermathecas. In general, depletion of DLG-1 did not interfere with
the localization of LET-413 (Fig. 4I) and DLG-1 was depleted more
effectively from the distal spermathecal cells (Fig. 4J). Since gonadal
development proceeds from proximal to distal tissues, with proximal
cells undergoing terminal differentiationwhile the distal cells are still
proliferating (Kimble and Hirsh, 1979) the newly formed CeAJ in the
proximal cells might block the rapid turnover of DLG-1. Consistent
with this observation the AJM-1::GFP pattern in spermathecal cells
was more disordered distally than proximally after down-regulation
of DLG-1 (Fig. 4K). We observed that anti-PAR-3 immunoﬂuorescence
remained at the apical surface in dlg-1(RNAi) spermathecas (Fig. 4L),which is consistent with the data obtained in dlg-1(RNAi) embryos
(McMahon et al., 2001).
Because in let-413 (nN50) and dlg-1 (nN50) RNAi spermathecas the
CeAJ appeared disorganized, we examined the actin cytoskeleton by
stainingwithAlexa Fluor 568 coupled-phalloidin (Fig. 5). The polygonal
cells of the spermatheca contain densely packed and aligned micro-
ﬁlaments that run approximately circumferentially around the sperma-
theca (Fig. 5A), suited to the role of circumferential dilation during
ovulation. We found that F-actin in let-413 (Fig. 5B) and dlg-1 (Fig. 5C)
RNAi spermathecas formed large and irregularly spaced bundles. These
bundlesmight arise from the attachmentof actin to discrete areas of the
apicolateral membrane where some AJM-1::GFP staining is still visible
(Figs. 5B', C'). This observation suggests that the actin disorganization
reﬂects the defect in the establishment of the junctional belt.We donot
favor the idea that the junctional defects described so far are a
consequence of actin cytoskeleton abnormalities, ashmp-1 (α-catenin),
hmp-2 (β-catenin) and hmr-1 (E-cadherin) mutants cause much more
severe cytoskeletal defectswithout affecting the appearance of theCeAJ
in the embryo, as judged by immunohistochemistry analysis (Costa
Fig. 6. ipp-5 rescues let-413 and dlg-1 RNAi-induced defects in the actin microﬁlament network of spermathecal cells. (A–F') Projection of confocal images of the spermatheca of adult
wild type (WT) and ipp-5(sy605) hermaphrodites, ﬁxed and stained with Alexa-568 phalloidin to visualize microﬁlaments. In cells of the valve between the spermatheca and the
uterus, microﬁlaments are highly concentrated beneath the apical cell membrane (arrows). (A, A'; D, D') In the control, circumferentially oriented actin bundles are regularly spaced.
(B, B'; C, C') In WT, thick and disorganized F-actin bundles became apparent after RNAi against let-413 (B, B') and dlg-1 (C, C'). (E, E';F, F') In ipp-5(sy605), the polygonal cells of the
spermatheca retained their aligned microﬁlament bundles even after RNAi against the let-413 (E, E') and dlg-1 (F, F') genes. (A'–F') are 3.5-fold magniﬁcation of boxes in (A–F).
Orientation: proximal, left; distal, right. Bars: 10 μm.
41J. Pilipiuk et al. / Developmental Biology 327 (2009) 34–47et al.,1998). The high concentration ofmicroﬁlaments in the valve from
the spermatheca to the uterus (Strome, 1986) was not detectably
affected after depletion of LET-413 and DLG-1 (Figs. 5B, C).
In summary, the formation of the CeAJ during development of
spermathecal and embryonic epithelia shares striking similarities
concerning LET-413 and DLG-1 functions. We suggest that let-413 and
dlg-1 are primarily involved in the establishment of newly formed
epithelia.Fig. 7. Rescue of RNAi-induced sterility by ipp-5 and itr-1. % P0 Sterility was determined in the
in controls (N2, ipp-5(sy605), itr-1(sy290)) b=average number of progeny (in 67 h at 15 °C) in
⁎⁎b0.01). Number of P0 worms scored, in parentheses.Modulation of IP3/Ca
2+ signaling rescues let-413 and dlg-1 RNAi-induced
sterility and embryonic lethality
Rescue of sterility
In C. elegans, the dilation of the distal spermatheca requires
inositol 1,4,5-triphosphate (IP3) signaling activated by the epidermal
growth factor (EGF)-receptor homologue LET-23 and its ligand LIN-3
(Clandinin et al., 1998; Bui and Sternberg, 2002; Yin et al., 2004).following way: [(a–b) /a]×100. Where; a=average number of progeny (in 67 h at 15 °C)
RNAi animals. ⁎Signiﬁcance was calculated by using a two-tailed t test (⁎P-valueb0.05;
42 J. Pilipiuk et al. / Developmental Biology 327 (2009) 34–47Reduction-of-function mutations in let-23 and lin-3 that cause Emo
(sterility) phenotypes can be suppressed by loss-of-function (lof) and
gain-of-function mutations (gof) in ipp-5 and itr-1, respectively. ipp-5
encodes a type I 5-phosphatase, which presumably negatively
regulates inositol signaling by dephosphorylating IP3, whereas itr-1
encodes an IP3-receptor homologue that plays a known role in
releasing intracellular Ca2+ (Bui and Sternberg, 2002; Yin et al., 2004).
It has been previously shown that the ipp-5 mutation effectively
suppressed the effects of par-3 RNAi-induced ovulation defects (Aono
et al., 2004). To test whether defective IP3/Ca2+ signaling might also
contribute to the Emo (sterility) phenotype of let-413(RNAi) and dlg-1
(RNAi)worms, we grew the loss-of-function ipp-5(sy605) and ipp-5(+)
worms from L1 larvae (P0 generation) on bacteria producing either
let-413 dsRNA, dlg-1 dsRNA or on control bacteria, carrying the
“empty” L4440 “feeding”-vector (Kamath et al., 2001). Mutants for
ipp-5(sy605) and itr-1(sy290) have hyperactive spermathecal dilation,
presumably due to aberrant regulation of IP3-mediated Ca2+ release,
which generally leads to a decrease in brood size in comparison to the
wild type (Bui and Sternberg, 2002). As an internal control for the
effectiveness of RNAi against the let-413 gene we compared GFP
ﬂuorescence in the spermatheca epithelium of let-413::gfp and let-
413::gfp;ipp5(sy605) worms (Fig. S3A', C'). After let-413(RNAi) the GFP
signal is no longer detectable (Fig. S3B', D'). In addition we compared
depletion of DLG-1 and ERM-1 in wild type (Fig. S5B, E) and ipp-5Table 1
Rescue of RNAi-induced embryonic lethality depends on ipp-5 lof and itr-1 gof
% F1 Lethality: embryos showing lethality at 15 °C, 18 °C⁎, or 20 °C⁎⁎ in comparison to cont
a,b,c,d,eDilution of dsRNA producing bacteria with bacteria carrying “empty” L4440 “feeding”
§RNAi against CeMKLP1 (Powers et al., 1998): itr-1(jc5) is not resistant to RNAi due to diluti
Number of F1 progeny scored, in parentheses.(sy605) (Fig. S5C, F) embryos by using immunoﬂuorescence micro-
scopy. In either case the ﬂuorescence is greatly diminished in contrast
to the wild type (Fig. S5A, D). The quantiﬁcation of DLG-1 by western
blot in ipp-5(sy605);dlg-1(RNAi) animals showed a decrease of 92%
(not shown). Together these results indicate that the ipp-5(sy605)
strain is not resistant to RNAi.
Using the same bacterial culture that produced a strong sterility
phenotype (100% and 67%) in ipp-5(+);let-413(RNAi) and ipp-5(+);
dlg-1(RNAi) worms (Fig. 7), we only found 36% (n=51) sterility in
ipp-5(sy605);let-413 and 10% (n=51) sterility in ipp-5(sy605);dlg-1
(RNAi) worms in comparison to ipp-5(sy605) worms fed on control
bacteria (Fig. 7). In addition, we grew the gain-of-function itr-1
(sy290) and itr-1(+) worms from L1 larvae on bacteria producing
either dsRNA against let-413 or dlg-1. Again we found that itr-1
(sy290);let-413(RNAi) and itr-1(sy290);dlg-1(RNAi) worms showed a
reduced sterility (94% (n=30) and 41% (n=27)) in comparison to the
control (Fig. 7). To determine if the itr-1(sy290) rescue on let-413
sterilitywas dosage dependant, we diluted 1/3 let-413 bacteriawith 2/3
bacteria carrying “empty” L4440 “feeding”-vector. Surprisingly, we
observed a distinct decrease in sterility (66%, (n=24)) in comparison to
the wild type control (92% (n=21)). In addition, we tested if the ipp-5
(sy605) rescue of let-413 induced sterility depends on the function of
the IP3 receptor ITR-1. First, we grew ipp-5(sy605) lof, itr-1(sy290) gof
andwild typeworms fromL1 larvae on1/2 let-413 bacteria dilutedwithrols (grey rows).
-vector: ratio 1:1, 1:2, 1:3, 1:5, 1:8.
on of dsRNA.
43J. Pilipiuk et al. / Developmental Biology 327 (2009) 34–471/2 bacteria carrying “empty” L4440 “feeding”-vector. As expected, we
found that ipp-5(sy605) lof and itr-1(sy290) gof worms showed a
reduced sterility (14% (n=131) and 74% (n=125), respectively) in
comparison to thewild type control (90% (n=131)). Next,wediluted1/2
let-413 bacteria with 1/2 bacteria producing dsRNA against itr-1. We
observed an increase of let-413-induced sterility in ipp-5(sy605) and
itr-1(sy290) worms (82% (n=142) and 100% (n=179), respectively;
wild type control: 99% (n=171)). Taken together, these data suggest that
ipp-5(sy605) most likely acts through ITR-1 to rescue let-413 RNAi-
induced sterility (see Discussion).
Rescue of embryonic lethality
Next, we asked the question whether in an ipp-5 and itr-1
background, epithelial defects in embryogenesis can be rescued.
Hence, we scored for embryonic lethality in the F1 generation after
RNAi against let-413 or dlg-1 (Table 1). Whereas 0% of the embryos
laid by wild type, ipp-5(sy605) and itr-1(sy290) worms fed on
control bacteria showed lethality, we found 100%, 61% and 100%
lethality in embryos laid from by N2;let-413(RNAi), ipp-5(sy605);
let413(RNAi) and itr-1(sy290);let-413(RNAi) mothers, respectively. In
case of RNAi against the dlg-1 gene, we found a decrease of
embryonic lethality from 87% in wild type to 35% in ipp-5(sy605)Fig. 8. ipp-5(lof) mutants rescue the spermatheca and embryonic junctional defects induced
expression pattern of DLG-1 inwild type spermathecal cells (99%, nN30), which is restored in
pattern (not shown). (C, D) In let-413(s128) development arrested during morphogenesis p
mutant. (E–G) Comparison of anti-DLG-1 immunoﬂuorescence during morphogenesis betwe
(H) and dlg-1 (K) genes causes developmental arrest at the two-fold stage with a severely
ﬂuorescence signals, respectively. (I, L) Distribution of DLG-1 (I; nN40) and AJM-1 (L; nN30
(RNAi) (L) embryos. (J, M) After depletion of LET-413 (J, n=91) and DLG-1 (M, nN20) in ipp-5 e
junctional pattern in epithelia (see also Table 1). In case of let-413(RNAi) (n=91), embryos eith
(19%). (D', G', J', M') are 2.3-fold magniﬁcation of boxes in (D, G, F, M) showing the junctiona
Anterior, left; dorsal, top. Bars: 10 μm.(Table 1). To test if the ipp-5(sy605)/itr-1(sy290) rescue on let-413
embryonic lethality was dosage dependant, we diluted let-413
dsRNA producing bacteria with control bacteria (ratio 1:2). We
observed a distinct decrease in lethality (Table 1) in ipp-5(sy605) and
even itr-1(sy290) (only 13% and 16%, respectively) in comparison to
the wild type (56%). In contrast, RNAi against let-413 in the cold-
sensitive lof allele itr-1(jc5) (Thomas-Virnig et al., 2004) causes an
increase of lethality. After a dilution of 1:8 only 7% of wild type
embryos (n=927) but 79% of itr-1(jc5) embryos (n=513) showed
arrest at 18 °C (see Table 1 for complete dilution series). In contrast,
RNAi against CeMKLP1 causes 100% embryonic lethality in both
strains (Table 1), indicating that itr-1((jc5)) is not resistant to RNAi
after dilution of dsRNA producing bacteria.
Next, we asked the question: does ipp-5(sy605) also rescue let-413
mutations? The nature of let-413 mutations (s128, s1431, s1451 and
s1455) and the fact that they have similar phenotypes suggest that
they are all null or very strong loss-of function mutations (Legouis
et al., 2000). For these for alleles, we constructed let-413(lof));ipp-5
(sy605) double mutants on the one hand or performed RNAi against
ipp-5 in let-413(s128) or let-413(s1455) single mutants on the other
hand. In all six experiments we did not see a rescue effect on the
lethality (Table 1).after let-413(RNAi) and dlg-1(RNAi). (A, B) Larval depletion of LET-413 led to a spotted
75% (nN60) of ipp-5(sy605) spermathecas, while 25% of spermathecas showed a spotted
hase without recovery of the junctional pattern in a let-413(s128);ipp-5(sy605) double
enWT (E) and ipp-5(sy605) (F,G; nN30) embryos. (H, K) In WT, RNAi against the let-413
disrupted junctional pattern indicated by the anti-DLG-1 (n=83/83) and anti-AJM-1
) in early morphogenesis stages of ipp-5(sy605);let-413(RNAi) (I) and ipp-5(sy605);dlg-1
mbryos, development proceeded and led to hatched larvae, which showed rescue of the
er showed arrest at the two-fold/three-fold stages (79%/2%) or developed until hatching
l pattern of the anterior intestine. Orientation: (A–D) proximal, left; distal, right. (E–L)
44 J. Pilipiuk et al. / Developmental Biology 327 (2009) 34–47Taken together, these results show that ipp-5(sy605) lof and itr-1
(sy290) gof, but not itr-1(jc5) lof, partially suppress let-413 and dlg-1
RNAi-induced sterility and embryonic lethality. However, at least in
the case of LET-413 a minimal amount of protein, presumably below
the detection level of LET-413::GFP (Fig. S3), seems to be necessary to
trigger the rescue effect (see Discussion).
ipp-5 rescues spermathecal and embryonic junctional patterns after
depletion of LET-413 and DLG-1
In C. elegans ovulation and elongation of the embryo are both
processes that cause strong mechanical stress to epithelia (Priess and
Hirsh, 1986; Strome, 1986). Because of the severe epithelial defects
observed in let-413(RNAi) and dlg-1(RNAi) spermathecas (Figs. 3 and 4)
and embryos (Legouis et al., 2000; Bossinger et al., 2001; McMahon
et al., 2001) any rescue effect somehow has to restore the apical
junctional belt and its attachment to the F-actin cytoskeleton to ensure
correct functions of epithelial cells. Hence, to better understand the cell
biology of the observed rescue effects after depletion of LET-413 and
DLG-1 in ipp-5(sy605) and itr-1(sy290) mutants (Table 1), we decided
to analyze the junctional pattern and the F-actin cytoskeleton in
epithelial cells (Figs. 5, 6, 8).
We grew wild type, ajm-1::gfp, and ipp-5(sy605) L1 larvae until
adulthood on let-413 or dlg-1 RNAi feeding plates and analyzed
spermathecas and embryos by monitoring the expression of F-actin
and the DAC (Figs. 5, 6, 8). After RNAi against let-413 and dlg-1 in ajm-
1::gfp and N2 spermathecal cells thick and disorganized F-actin
bundles appeared (Figs. 5B, C; Figs. 6B, C) and the junctional belt
around the apex became ruptured (Figs. 5B' C'; Fig. 8A). In ipp-5
(sy605);let-413(RNAi) and in ipp-5(sy605);dlg-1(RNAi) animals aligned
MF bundles (Figs. 6E, F) and a continuous junctional belt (Fig. 8B and
not shown)were restored in spermatheca cells. Next, we synchronized
F1 wild type, ipp-5(sy605);let-413(RNAi) and ipp-5(sy605);dlg-1(RNAi)
embryos, ﬁxed them during different phases of morphogenesis and
performed immunohistochemistry to analyze their junctional patterns
(Fig. 8). During earlymorphogenesis (i.e., in the comma stage) depletion
of LET-413 and DLG-1 in ipp-5(sy605) led to typical defects in the
junctional pattern that have already been described in wild type
(Bossinger et al., 2001; Segbert et al., 2004). In comma stages depleted
for LET-413 the arrival of the DAC at the CeAJwas delayed (compare Figs.
8F, I), whereas in dlg-1(RNAi) comma stages a continuous belt of AJM-1
did not form (Fig. 8L). Surprisingly, duringongoingmorphogenesis ipp-5
(sy605);let-413(RNAi) and ipp-5(sy605);dlg-1(RNAi) embryos restored
their junctional patterns (Figs. 8J, M) in contrast to the wild type (Figs.
8H, K). The restored junctional pattern correlated with, and perhaps led
to, a decrease in F1 lethality (Table 1). In contrast, in ipp-5(sy605);let-413
(s128) double mutants the rescue of the junctional pattern failed (Figs.
8C, D), suggesting the requirement for low levels of LET-413 for the IP3/
Ca2+-induced rescue effect (see Discussion).
Modulation of IP3/Ca
2+ signaling rescues the phenotype of “junctional
pattern” genes
ipp-5 rescues multiple knockdowns of genes involved in
junction assembly
To better understand the molecular basis of the observed rescue
effect after single knockdowns of let-413 and dlg-1 genes in ipp-5, we
systematically depleted LET-413 in combinationwith proteins that are
expressed in different membrane domains along the apicobasal axis
and whose correct localization in wild type depends upon let-413
function.
First, wemixed let-413 and dlg-1 dsRNA-producing bacteria in a 1:1
ratio, put L1 larvae on these plates and scored for ovulation defects in
adult animals.While 100% (n=260) of control animals showed sterility,
only 7% (n=28) of ipp-5 worms showed ovulation defects in both
gonad arms. Next, we performed a triple knockdown and added par-3
dsRNA producing bacteria (1:1:1). In 94% (n=18) of N2;let-413;dlg-1;par-3 RNAi animals sterility became apparent that was completely
absent in ipp5;let-413;dlg-1;par-3 RNAi worms (0% (n=107)). Finally,
we added crb-1 dsRNA producing bacteria (1:1:1:1). crb-1 is the
homologue of the Drosophila crumbs gene but its function in epithelial
development in C. elegans has yet to be established (Bossinger et al.,
2001; Segbert et al., 2004). Depletion of LET-413, DLG-1, PAR-3 and
CRB-1 in wild type resulted in 100% (n=45) sterility with a dramatic
gonad phenotype, showing large vacuoles instead of the spermatheca
epithelium (not shown). In contrast, in ipp-5 worms only 6% (n=50)
sterility arised, indicating correct function of the spermatheca. To
check the efﬁciency of RNAi in this quadruple knockdown, isolated
spermathecas of young adults were collected with or without RNAi
treatment, and ﬁxed and stained with anti-DLG-1 antibodies (Fig. S6).
The signal was either completely absent or greatly diminished.
From these datawepropose that in ipp-5, increased levels of IP3/Ca2+
provide a very robust rescue system for proteins that are localized in a
let-413- and dlg-1-dependent manner in the spermatheca epithelium.
ipp-5 did not compensate for depletion of proteins unrelated to junction
development. In case of RNAi against CeMKLP-1/ZEN-4 (Powers et al.,
1998; Raich et al., 1998), a nematode kinesin required for cleavage
furrow advancement, we found 100% embryonic lethality (nN2.000) in
embryos derived from ipp-5(sy605)mothers.
ipp-5 does not rescue hmr-1-induced embryonic lethality
We looked whether ipp-5(sy605) lof mutation could counteract
E-cadherin (HMR-1) RNAi-induced embryonic defects. As expected,
99% of N2;hmr-1(RNAi) embryos showed an embryonic lethal
phenotype (Table 1). Surprisingly, 99% of ipp-5(sy605);hmr-1(RNAi)
embryos also showed a corresponding phenotype as in wild type.
HMR-1 mediates morphogenesis in the C. elegans embryo but is
dispensable for general cell–cell adhesion and junction formation
(Costa et al., 1998; Raich et al., 1999; Bossinger et al., 2001). Rapid
epithelial-sheet sealing during C. elegans morphogenesis requires
cadherin-dependent ﬁlopodial priming (Raich et al., 1998) that might
not be rescued by ipp-5(sy605) lof mutation.
Discussion
During embryogenesis, C. elegans LET-413 and DLG-1 (the
Drosophila Scribble and Discs large homologues) ensure the correct
formation of the junctional belt around the apex of epithelial cells
(Hardin and Lockwood, 2004; Labouesse, 2006). Although polarized
distribution of LET-413 and DLG-1 has been reported during post-
embryogenesis of C. elegans (Legouis et al., 2000; McMahon et al.,
2001), their roles in epithelial development have been unclear. We
report here the expression and asymmetric localization of LET-413
and DLG-1 during the development of the spermatheca epithelium.
We show that depleting the levels of LET-413 and DLG-1 interferes
with the formation of the apical junctional belt in spermathecal cells,
abolishes their function in ovulation, and thus ﬁnally causes sterility.
Surprisingly, RNAi against let-413 and dlg-1 seems not to disrupt
integrity of epithelial tissues that have already been formed during
embryogenesis. The post-embryonic let-413 and dlg-1-induced
phenotypes in the spermatheca resemble those in embryonic
epithelia, suggesting common underlying mechanisms with regard
to junction assembly. The partial rescue of both embryonic and post-
embryonic junctional defects by mutations in ipp-5 and itr-1 genes,
which presumably leads to higher IP3/Ca2+ signaling in epithelial
cells supports this point of view.
Post-embryonic depletion of LET-413 and DLG-1 seems not to interfere
with the function of many larval and adult epithelia
Worms treated with let-413(RNAi) and dlg-1(RNAi) during larval
and adult life are sterile and exhibit spermathecal defects but
otherwise develop normally, suggesting that depletion of LET-413
45J. Pilipiuk et al. / Developmental Biology 327 (2009) 34–47and DLG-1 levels does not restrict the function of major epithelia, like
the pharynx, the intestine, or the hypodermis. However, we cannot
rule out subtle defects at the ultrastructural level. In the case of the
uterus and the vulva DAC aggregates became apparent after RNAi
against let-413 and dlg-1 (not shown). During embryogenesis LET-413
functions to correctly localize the DAC and to maintain apicobasal
polarity of epithelial cells, while the DAC itself ensures integrity of the
apical junctional belt (Legouis et al., 2000; Bossinger et al., 2001;
Köppen et al., 2001; McMahon et al., 2001). How these functions are
maintained during post-embryonic development in C. elegans remains
puzzling. We are considering two possible scenarios. First, RNAi
against let-413 and dlg-1 does not completely eliminate gene functions
and a minimal amount of proteins is sufﬁcient to guarantee larval and
adult development. Consistent with that view, we noticed that some
organs (e.g. the pharynx or the hindgut) are more resistant to
embryonic and larval RNAi against the let-413 and dlg-1 genes.
Depletion of DLG-1 in dlg-1::gfp embryos (showing high expression
levels of DLG-1) does not cause an embryonic lethal phenotype, but
further lowering the amount of DLG-1 in hatched larvae causes severe
defects during larval and adult development (not shown). In the
second scenario, the let-413/dlg-1 pathway is only required for the
establishment of epithelial cell polarity and cell–cell adhesion in C.
elegans, while their maintenance during post-embryonic epithelial
development might depend upon so far unidentiﬁed proteins that
either completely replace LET-413/DLG-1 functions or act redundantly.
In favour of the latter hypothesis we did not observe malfunction of
spermathecal cells after treatment of L4 larvae with RNAi against the
let-413 or dlg-1 gene (not shown).
Formation of apical junctions in the spermatheca requires LET-413
and DLG-1
let-413(RNAi) and dlg-1(RNAi) worms have a reduced number of
progeny and showan Emo phenotype, inwhich oocytes build up in the
proximal ovary with an endomitotic phenotype. We determined,
using an intestine-speciﬁc RNAi strain, and rrf-1, a mutant in which
RNAi is blocked in the soma but not the germline (Sijen et al., 2001),
that the Emo phenotype resulted mainly from a defect in the soma,
most likely a defect in ovulation. Direct observations of defective ﬁrst
ovulations in let-413(RNAi) animals conﬁrmed this.
Successful ovulation requires contractions of proximal gonadal
sheath cells in combination with dilation of distal spermathecal cells
(McCarter et al., 1997; Rose et al., 1997). Several observations suggest
that the basis for defective ovulation after let-413/dlg-1RNAi is a failure
in spermathecal function. First, gonadal sheath cells undergo extensive
contraction (Movie S2) and express appropriate differentiation
markers (e.g. let-502::gfp, not shown). Second, despite extensive
gonadal sheath cell contractions, the spermatheca fails to dilate to
cover the mature oocytes. Third, sperm accumulate exclusively in the
proximal gonad and are not detected in the spermathecas of RNAi-
treated worms (Fig. 3). Our immunoﬂuorescence and electron micro-
scopic analyses of spermathecas revealed clear abnormalities in the
junctional pattern (Fig. 3 and 4). While spermathecal cells form an
accordion-like tube in control animals, in let-413(RNAi) worms,
epithelial cells fail to form the tight arrangement observed in control
animals. This raised the possibility that the spermatheca was
physically blocked, hence preventing passage of mature oocytes.
We propose that the primary defect caused by let-413(RNAi) and
dlg-1(RNAi) is in the organization of the apical junctions. LET-413 is
basolaterally expressed in spermathecal cells and ensures the correct
localization of the DAC and the polarity protein PAR-3. The observation
that PAR-3 starts to accumulate in the late-L3 stage and localizes to the
apical cortex prior to the DAC suggests that PAR-3 could play an
important role in early polarization of spermathecal cells (Aono et al.,
2004). The spermatheca bears a variety of junctions along the lateral
membrane domain, including adherens junctions, pleated septatejunctions and smooth/continuous septate junctions (http://www.
wormatlas.org). The physical interaction of DLG-1 and AJM-1 (Köppen
et al., 2001; Lockwood et al., 2008), their colocalization in embryonic
epithelia (Bossinger et al., 2001; Firestein and Rongo, 2001; McMahon
et al., 2001) and similar AJM-1/DLG-1::GFP expression patterns in
spermathecal cells (Fig. 4) suggest enrichment of both proteins in the
same junction(s) in the spermatheca epithelium. Lateral junctions in
spermathecal cells appeared as electron dense structures in control
animals but were undetectable in a strong let-413(RNAi) phenotype
(Fig. 3). Consistent with these data our immunoﬂuorescence analysis
revealed complete mislocalization of the DAC after depletion of LET-
413 in spermathecal cells (Fig. 4). Depletion of DLG-1 did not obviously
interfere with the localization of LET-413 or PAR-3 but the AJM-1
pattern became seriously damaged, showing a similar phenotype as
after reducing the LET-413 level (Fig. 4). In contrast, par-3 RNAi-treated
worms only show moderate defects with regard to the localization of
AJM-1 and basolateral restriction of LET-413 is still preserved in
spermathecal cells (Aono et al., 2004). Taken together, these genetic
interactions suggest a simple model in which LET-413 acts via DLG-1
and PAR-3 to localize AJM-1.
Increased IP3/Ca
2+ signaling compensates depletion of LET-413 and
DLG-1 in C. elegans epithelial junction assembly
Loss-of-function mutations in the type I 5-phosphatase gene ipp-5
(sy605) showa double ovulation phenotype that probably results from
increased IP3/Ca2+ signaling (Bui and Sternberg, 2002). Gain-of-
function mutations in the inositol 1,4,5-triphosphate receptor (IP3R)
gene itr-1(sy290) have a mutation in the IP3 binding site, which results
in a two-fold increase in IP3 binding afﬁnity (Clandinin et al., 1998;
Walker et al., 2002a). The nature of the ipp-5 and itr-1 mutations,
which lead to a rescue of let-413 and dlg-1 RNAi phenotypes in
spermathecal cells and embryonic epithelia suggests that increased
levels of Ca2+ trigger a rescue pathway.
Genetic analyses have shown clearly that IP3 signaling plays a
central role in regulating spermatheca dilation and both basal and
ovulatory contractile activity in the gonadal sheath cells (Bui and
Sternberg, 2002; Yin et al., 2004). IP3 is generated by phospholipase C
(PLC)-mediated hydrolysis of themembrane lipid phosphatidylinositol
4,5-bisphosphate. PLC-1, a predicted PLC-ɛ homologue, seems to
regulate spermatheca dilation, whereas PLC-3, a PLC-γ homologue,
controls ovulatory functions in sheath cells (Yin et al., 2004). It has
been demonstrated that Ca2+ release from intracellular stores via the
IP3R ITR-1 is required for rhythmic contraction of gonadal sheath cells
(Yin et al., 2004). Oscillating Ca2+ signals have been observed in
innumerable cell types and are due to repetitive release of Ca2+ from
intracellular stores followed by store reuptake and plasma membrane
extrusion via Ca2+ transporters (Berridge et al., 2003). Although
spermathecal cell Ca2+ has not been measured directly, it is likely
that cytoplasmic Ca2+ concentration oscillates and peaks before each
dilation and PLC-ɛ activation is likely mediated through LIN-3/LET-23
independent signaling mechanisms (Yin et al., 2004). To date, Ca2+
dynamics in the embryo have not been visualized but ITR-1
presumably regulates release of Ca2+ from internal stores during
epidermalmigration (Thomas-Virnig et al., 2004). ITR-1 is expressed at
signiﬁcant levels in the spermatheca, the spermathecal valve, and the
embryo (Dal Santo et al.,1999; Thomas-Virnig et al., 2004). In polarized
MDCK cells, the IP3 receptor is distributed at the apex of the lateral
plasma membrane with the markers of tight junctions, ZO-1 and
occludin (Colosetti et al., 2003). During the process of epithelial
polarization in C. elegans, the presence of ITR-1 at or near the plasma
membrane and its interactionwith the nonmuscle myosin NMY2 may
provide a mechanism for the localized release of Ca2+ (Walker et al.,
2002b; Thomas-Virnig et al., 2004). The limited diffusion of Ca2+within
the cytoplasmmay then restrict its effects to targets near the assembly
of the CeAJ.
46 J. Pilipiuk et al. / Developmental Biology 327 (2009) 34–47Any model that will explain the rescue effect has to take into
consideration ﬁrst the behaviour of junctional proteins after deple-
tion of LET-413 and DLG-1, and second the requirement for low levels
of LET-413 and probably DLG-1 for rescue. The basolateral protein
LET-413, the only C. elegans Scribble homologue, positions the CeAJ in
the embryo presumably by promoting its apical condensation. During
early morphogenesis of LET-413-deﬁcient ipp-5(+) embryos, the DAC
reaches its subapical position less efﬁciently (Köppen et al., 2001;
Segbert et al., 2004), which ﬁnally leads to lateral assembly of
electron dense junctions (Legouis et al., 2000; McMahon et al., 2001).
In DLG-1-depleted ipp-5(+) embryos the AJM-1 pattern in early
morphogenesis is characterized by small aggregates separated by
large regions in which AJM-1 is almost completely missing (Bossinger
et al., 2001; McMahon et al., 2001). Later in mid-morphogenesis of
ipp-5(+);let-413(RNAi) embryos, at the subapical cortex of epithelial
cells long stretches of normal DAC localization form, which are
separated intermittently by gaps completely lacking DAC. During late
morphogenesis of let-413 embryos, apical membrane markers in the
epidermis as well as in the intestine progressively spread into the
lateral membrane, suggesting that LET-413 acts to maintain polarity
(Bossinger et al., 2001; Köppen et al., 2001; McMahon et al., 2001).
Because of the appearance of early let-413 and dlg-1 phenotypes in
ipp-5 embryos (Fig. 8), we propose that increased IP3/Ca2+ levels act
downstream of let-413 and play an important role from mid-
morphogenesis onwards to rescue the ruptured junctional belt
around the apex of embryonic epithelial cells.
The usage of the spermatheca as a satellite system to investigate
junction assembly in C. elegans, combined with the power of genetic
screens,will help to elucidate the novel function of IP3/Ca2+ signaling in
epithelial development and hence to reveal the mechanism of let-413/
scribble and dlg-1/discs large functions.
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